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L  INTRODUCTION 


The  expanding  use  of  opiical  signals  to  transfer  data  makes  all  optical  signal  processing  desirable.  ^ 
The  thrust  of  this  research  has  been  to  investigate  the  feasibility  of  using  laser  diode  based  in-plane 
optical  switches  as  the  building  blocks  for  an  optical  processor.  Such  switching  devices  include  optical 
logic  gates  aitd  memory  elements,  as  well  as  electrically  controlled  optical  switches.  The  output  of  all 
the  devices  studied  was  provided  by  a  semiconductor  laser  diode,  while  the  on  and  off  states  of  the  laser 
diode  was  based  on  whether  or  itot  the  round  trip  optical  gain  in  the  laser  exceeded  the  round  trip  optical 
loss.  External  optical  and/or  electrical  input  controlled  the  gain  and  loss  by  means  of  optical  gain 
quenching  and/or  optical  saturation. Memory  elements  require  that  the  output  laser  be  able  to 
maintain  two  levels  of  output  for  the  same  biasing  conditions  (bistability).  This  was  achieved  by  having 
the  output  laser  cavity  loss  dependent  on  the  cavity's  internal  optical  intensity.  Three  switching  devices 
were  evaluated:  an  opiical  NOR  gate;  an  optical  RS  flip  flop;  and  a  broad  area  orthogonal  mode 
switching  laser.  Ail  of  the  devices  were  fabricated  from  Graded  Index  Separate  Conrinemeni 
Heterostructure  (GRINSCH)  GaAs- AlGaAs  Multiple  (Quantum  Well  wafers,  as  shown  in  Figure  1 . 

■lualiuBi  canfeiitM 
0  0.5 

• - 1— ► 

6.{Su>Mi  (j7a~  p=^xi6’"~ 

1.5  uM  AI^Ghj^As  p=8x10” 

5  ea.  of  GaAs,  gAs  80  X  ea. 

0.2  uM  AI,Gai.MA8  undoped 

1.5  uM  AI,G«,.,jA8  n=5x10” 

GaAs  substrate  n=2x10'^ 

Figure  1 :  The  grown  epitaxial  laser  structure  used  for  ail  of  the  devices  in  this  study. 

In  the  sections  that  follow,  the  theoretical  and  measured  performance  of  each  of  the  switches  is 
presented. 
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n.  NOR  LOGIC  GATE 


All  Boolean  logic  can  be  peifonned  with  a  combination  of  NOR  gates.  Figure  2  shows  the  optical 
NOR  gale  designed,  fabricated,  and  tested  for  this  study.  The  gate  consists  of  three  GaAs-AlGaAs 
heieiosinicture  lasers  operating  at  a  wavelength  of  860  nm.  The  main  laser  can  be  quenched  off  by  either 
of  the  two  side  lasers  for  the  NOR  operation.  Quenching  occurs  when  light  perpendicular  to  the  main 
laser  cavity  is  amplified  by  the  main  laser's  gain  medium.  Since  the  perpendicular  gain  is  no  longer 
available  to  amplify  light  traveling  in  the  main  laser,  the  round  trip  gain  of  the  main  laser  decreases.  If 
the  round  trip  gain  falls  below  the  round  trip  loss,  then  the  main  laser  will  turn  off.  The  main  laser  can 
be  turned  off  by  either  a  perpendicular  laser  intersecting  its  cavity  or  by  an  intersecting  optical  amplifier 
coupled  to  an  external  optical  input  For  the  purpose  of  this  study  intersecting  laser  cavities  were  used. 
The  design  shown  in  Figure  2  improves  upon  previous  designs  by  using  hole  coupled  total  internal 
reflection  mirrors  to  control  the  internal  loss/gain  ratio  while  minimizing  laser  threshold  currents.^'^ 


NOROAIE 
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Figure  2:  The  etched  ndge  waveguide  NOR  gate,  top  view  and  partial  side  view 
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L-I  curves  of  the  main  laser  in  the  NOR  gates  were  taken  in  order  to  determine  threshold  currents 
and  relative  mirror  reflectivity.  The  experimental  setup  for  obtaining  the  L-I  curves  appears  in  the  inset 
to  Figure  3.  The  pulse  generator  produced  S  psec  wide  pulses  separated  by  2  msec.  The  pulse  itself 
was  the  positive  portion  of  a  sine  wave.  It  was  applied  to  the  series  combination  of  the  main  laser  and  a 
SO  Cl  current  sampling  resistor  which  were  joined  at  the  bottom  N'  contact  This  resistor  yielded  a 
voltage  drop  proportional  to  the  current  through  the  laser.  A  single  mode  fiber,  with  one  end  positioned 
next  to  a  facet  of  the  main  laser,  routed  the  illumination  to  a  PIN  photo  diode  circuit  A  digital 
oscilloscope  plotted  the  pin  diode  signal  versus  the  signal  across  the  SO  O  resistor. 


Figure  3  The  L-I  curves  from  tniin  liscrs  wiih  TIR  mirrors  in  three  different  NOR  gites.  The 
numbers  next  to  the  triangles  indicate  the  threshold  currenu  The  inset  shows  the  device  and  the 
experimental  arrangement 

The  L-I  curves  for  three  different  mam  lasers  with  TTR  mirrors  and  etched  ridge  waveguides  appear 
in  Figure  3,  Thresholds  of  6,  24,  and  36  mA  were  observed.  The  variation  in  threshold  current  and 
differential  efficiency  for  the  three  devices  stems  from  the  variation  in  rounding  of  the  tip  of  the  roof 
shaped  TIR  mirrors.  The  rounded  tips  acted  as  hole  couplers  of  varying  aperture  size;  the  lasers  with  the 
lov.'cr  threshold  current  and  differential  efficiency  had  smaller  apertures,  and  therefore  greater  mirror 
reflection. 
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The  quench  experiments  were  conducted  with  the  apparatus  depicted  by  the  block  diagram  in  the 
inset  to  Figure  4.  A  pulse  generator  applied  a  voltage  to  the  main  laser  for  about  10  microseconds. 
During  this  time,  a  second  synchronized  pulse  generator  drove  the  side  laser  with  a  triangular  wave  of  the 
same  duration  as  the  pulse  in  the  main  laser.  One  end  of  an  optical  fiber  probed  the  emitted  light.  A 
pin  photo  diode  and  amplifier  detected  and  amplified  the  optical  signal  and  then  applied  the  resulting 
signal  to  the  digital  oscilloscope.  The  currents  through  the  main  and  side  lasers  were  determined  by 
monitoring  the  voltage  across  10  O  resistors  in  series  with  the  pulse  generators  (not  shown). 


Figure  4:  Nonnalized  iiTtdiancc  from  the  main  lasers  of  two  NOR  gates  as  a  function  of  the  current 
mto  the  side  lasers,  threshold  currents  of  36  and  24  mA  were  determined  from  Figure  3  for  these 
lasers  The  quenching  effect  was  observed  for  the  36  mA  NOR  gate  with  44.  56  and  66  mA  into 
the  main  laser  and  for  the  24  mA  NOR  gate  with  70  mA  mto  the  main  laser. 

Measured  quenching  data  for  the  devices  tested  appear  in  Figure  4.  The  graph  plots  the  emitted 
power  from  the  main  laser  as  a  function  of  the  current  injected  into  the  side  la.scr.  The  unquenched 
output  power  of  each  device  was  normalized  to  unity.  The  first  three  curves  correspond  to  the  device 
with  the  36  mA  threshold  current  for  the  mam  laser  while  the  nght  most  curve  corresponds  to  the  device 
with  the  24  mA  threshold  cunent  The  trradiance  from  the  6  mA  device  was  too  small  for  accurate 
measurements.  The  curves  are  labeled  with  the  value  of  their  corresponding  main  laser  dnving  current. 
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Approximately  80%  of  the  optical  power  from  the  main  laser  can  be  quenched.  Note  the  fairly  linear 
decrease  in  main  laser  intensity  as  the  side  laser  current  increases.  Also  note  that  more  side  laser 
current  is  required  for  larger  main  laser  currents  in  order  to  maintain  a  constant  amount  of  quench.  The 
gate  with  the  24  mA  thresi  old  for  the  main  laser  required  larger  quench  currents  than  the  gale  with  the  36 
mA  threshold  for  the  main  laser;  in  addition,  this  main  laser  could  be  quenched  by  no  more  than  50%. 

The  quenching  can  not  be  attributed  to  electrical  crosstalk  between  the  metal  pads  on  the  P*'  surface  of 
the  wafer.  Both  the  main  and  side  lasers  must  be  electrically  biased  in  the  same  way.^^  Therefore, 
electrical  crosstalk  would  cause  the  current  in  one  laser  to  increase  as  the  current  in  the  others  increase. 
If  this  was  the  case,  the  power  emitted  from  the  main  laser  would  increase  with  increasing  side  laser 
power.  Any  resistance  in  the  N"  layer  or  in  the  circuit  connecting  the  metal  on  the  N"  layer  on  the 
bottom  of  the  wafer  could  give  rise  to  curves  which  resemble  the  quench  curves  of  Figure  4,  however, 
based  on  the  doping  level,  the  thickness  of  the  N'  layer,*^  and  the  device  sizes,  the  typical  resistance  in 
this  layer  is  on  the  order  of  0. 1  ft.  Any  voltage  drop  across  this  resistance  would  be  relatively  small  and 
could  not  account  for  the  quench  data,  and  therefore,  the  quenching  shown  in  Figure  4  is  in  all  likeliness 
due  to  true  gain  quenching. 

The  gain  quenching  curves  in  Figure  4  can  be  divided  into  three  regions;  the  spontaneous  emission 
region  (SPR),  the  linear  region  (LR),  and  the  side  laser  saturation  region  (SR).  The  SPR  corresponds  to 
side  laser  currents  smaller  than  -50mA.  This  corresponds  to  when  the  side  laser  is  below  its  threshold 
current,  and  thus  no  coherent  light  intersects  the  main  cavity.  This  would  be  similar  to  an  intersecting 
optical  amplifier  with  zero  input,  in  either  case  zero  input  yields  a  high  output  on  the  main  laser.  In  the 
LR  region,  were  the  side  laser  is  beginning  to  lase,  the  irradiance  from  main  laser  linearly  decreases. 
This  linear  decrease  occurs  as  a  result  of  the  probabilistic  nature  of  the  interaction  between  light  and  the 
electron-hole  transitions  in  the  common  gain  region.  A  photon  from  either  the  side  or  main  laser  can 
stimulate  the  emission  of  a  photon  in  such  a  way  that  the  wave  vector  of  this  emission  is  parallel  to  either 
the  quench  or  main  laser  cavity  respectively.  The  photon  density  in  the  side  laser  is  linearly  proportional 
to  the  side  laser  pump  current  for  currents  above  threshold  and  below  saturation.  Thus  the  probability  of 
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interaction  between  photons  from  the  side  laser  and  electron-hole  pairs  in  the  common  cavity  increases 
linearly.  As  the  side  laser  current  increases,  the  common  cavity  region  produces  more  photons  with  wave 
vectors  parallel  to  the  side  laser  and  less  with  wave  vectors  parallel  to  the  main  laser.  The  main  laser 
loses  the  contribution  of  the  common  cavity  to  its  gain,  with  the  loss  being  linear  to  side  laser  current. 
Thus  the  main  laser  output  decreases  linearly  in  the  LR.  The  SR  occurs  either  when  the  gain  in  the  side 
laser  saturates  or  when  the  common  gain  region  is  fully  quenched.  The  intensity  at  which  the  output  of 
the  main  laser  saturates  can  be  lowered  by  either  increasing  the  length  of  the  side  laser  (or  amplifier)  or 
by  increasing  the  percentage  of  the  main  laser  gain  region  which  is  intersected  by  the  side  laser.  This 
minimum  intensity  of  the  main  laser  defines  the  "zero"  output  state  of  the  logic  gate. 


ni.  RS  FLIP  FLOP 

If  the  main  laser  of  the  NOR  gate  de.scribed  in  the  previous  section  is  made  bistable  by  the  means  of 
an  intensity  dependent  saturable  absorber,  the  resulung  device  would  be  an  optical  RS  flip  flop:  The  side 
laser  would  reset  the  main  laser  to  the  zero  state,  while  a  high  intensity  beam  coupled  into  the  main  laser 
Itself  would  set  it  back  to  the  high  state.  This  flip-flop  can  be  divided  into  3  functional  blocks  (refer  to 
Figure  5).  (1)  A  main  laser  cavity  contains  gam  and  saturable  absorber  sections^'5  which  induce 

bistable  output  characteristics;  this  funcuonal  block  provides  the  logical  0  or  1  state.  (2)  An  external 
laser  pumps  the  saturable  absorber  and  sets  the  output  to  the  logic  1.  (3)  A  second  external  laser 

quenches®'"^  the  main  laser  and  resets  the  output  to  the  logic  0.  Both  setting  and  resetting  lasers  (2  &  3) 
could  be  replaced  by  optical  amplifiers  coupled  to  external  optical  inputs.  As  with  the  NOR  gate,  these 
lasers  are  monolithically  integrated  on  AlGaAs-GaAs  quantum  well  heterostructure;  emitting  at  860  nm. 
The  main  cavity  has  one  Total  Internal  Reflection  (TTR)  mirror^  and  a  flat  etched  mirror  which  separates 
it  from  the  pump  laser.  Reflections  can  occur  at  the  disconunuity  in  the  index  of  refraruon 
accompanying  the  electrical  isolation  between  the  pumped  and  unpumped  regions;  thus  the  cut  across 
the  electrode  is  angled  to  inhibit  the  formation  of  a  shorter  cavity  within  the  main  cavity.  The  quench 
laser  is  divided  into  two  parts  across  the  gain  region  of  the  main  iaser^  so  that  the  quench  and  main  laser 
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cavities  overlap;  the  two  halves  of  the  quench  laser  are  electrically  connected  in  parallel.  All  four  gain 
sections  are  optically  conrmed,  but  the  voltage  controlled  saturable  absorber  is  unguided. 
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Figure  5;  The  RS  flip  flop  ind  ihc  desired  hysteresis  in  the  L-l  charftcterisucs  ScAje  the  gam 
section  IS  on  the  order  of  5  x  100  |jjn. 


The  operation  of  the  flip-flop  depends  on  the  ability  of  the  pump  and  quench  laser  to  sei  and  reset 
the  output  state  of  the  main  cavity  respectively.  Figure  5  also  shows  a  qualitative  plot  of  ihc  intensity  of 
the  light  emitted  from  the  main  la-scr  versus  the  current  into  the  gain  section.  The  current  in  the  mam 
laser  gain  section  is  adjusted  to  point  M  where  the  output  intensity  can  be  in  either  of  two  states 
Assume  that  initially  the  output  of  the  main  la.scr  corresponds  to  a  point  on  the  lower  branch  of  the 
hysteresis  loop.  A  momentary  optical  pulse  from  the  pump  laser  bleaches  the  absorber,  lowers  the 
threshold  current  below  point  M  and,  therefore,  sets  the  output  to  the  upper  branch  ol  the  hysteresis 
loop.  The  bistable  nature  of  the  gain -absorber  pair  ensures  that  the  output  will  remain  on  ihe  upper 
branch  for  times  longer  than  the  width  of  the  pulse.  When  a  momentary  optical  pulse  from  the  quench 
laser  stimulates  emission  in  the  common  cavity,  the  wavevector  of  this  stimulated  emission  is  parallel  to 
the  cavity  of  the  quench  laser  instead  of  the  main  la.ser.  This  process  reduces  gain  in  the  main  cavity, 
raises  the  lasing  threshold  current  and,  thereby,  resets  the  output  of  the  main  laser  to  the  lower  branch  of 
the  hysteresis  curve. 


•  • 


•  • 
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Since  ihe  device  parameiCTv  recjuired  for  gain  guenching  was  alrradv  drlcmnncd  hv  ihe  S(  IR  gaic 
study,  the  main  thrust  of  the  RS  flip  flop  development  was  m  opumi/e  the  hysteresis  kmp  of  the  hisiaMe 
mam  laser.  The  salurahte  absorber  plays  the  key  rtile  in  the  bistability  It  must  induce  the  h>  sicrcos  ),«.(■ 
shosvn  in  figure  5  and  it  must  be  capable  of  being  bleached  by  illumination  from  a  secondary  laser  in 
such  a  way  that  the  main  cavity  begins  to  lase  from  an  miually  off  state  The  saturable  abstsrbcr 
experiments  include  tests  for  (1)  the  hysteresis  induced  in  the  L-l  curve  of  the  mam  laser  and  (2i  the 
width  of  the  hysteresis  loop  as  a  function  of  the  applied  voltage. 

ly-m-SQi 
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Figure  6  Mam  laser  gam  /  saturable  absorber  pairs  used  to  opnmire  oulpul  hysteresis  as  t  function 
of  inicmal  optical  densiiy.  The  lasers  were  350  microns  long  The  best  results  were  achieved  m 
devices  with  unguided  saturable  absorbers  150  microns  long 

In  one  senes  of  expenments,  ridge  guided  gain-absorbcr  pairs  were  tested  for  hysteresis  in  the  1  I 
charactenslics.  These  pairs  included  those  with  (1)  wet  and  CAIBE  euhed  waveguides.  (2i  various 
lengths  of  gain  and  saturable  absorber  sections  and  (3)  single  and  multimode  waveguides.  Hysteresis  was 
not  observed  in  any  of  the  ridge  guided  devices.  In  another  senes  of  experiments,  hysteresis  was 
observed  in  devices  with  gain  guided  gam  sections  and  unguided  saturable  absorbers;  these  devices  arc 
depicted  m  Figure  6. 
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Figure  7:  The  left  side  shows  plots  of  the  timing  relation  between  the  drive  voltage  to  the  gain 
section  of  the  gain-absorber  pairs  and  the  emitted  irradiance  ftxxn  the  pain  the  irradiance  is  shown  for 
two  voltages  on  the  saturable  absorber.  The  middle  panel  shows  the  hysteresis  loop  for  the  emitted 
irradiance  vs.  drive  voltage.  The  espciimental  setup  is  shown  on  the  right.  and  Ip  are  the 

saturable  absorber  voltage  and  peak  drive  current  for  the  gain  section  respectively. 

The  results  for  the  optimized  device  appear  in  Figure  7.  The  vertical  axis  has  arbitrary  units  in 
either  voltage  or  irradiance.  The  left  side  of  the  plot  shows  the  timing  relation  between  the  drive 
voltage  to  the  gain  section  and  the  irradiance  emitted  through  the  saturable  absorber.  The  hysteresis 
curves  on  the  in  the  middle  section  are  plots  of  the  irradiance  vs.  the  drive  voltage.  The  iwo  intensity 
plots  correspond  to  two  different  voltages  applied  to  the  saturable  absorber.  The  slight  asymmetry  of  the 
drive  voltage  results  from  the  I-V  and  L-I  characuiristics  of  the  laser  diode  as  can  be  seen  by  comparing 
the  drive  voltage  curve  to  the  intensity  curves. 
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Of  particular  interest  is  the  hump  on  the  right  side  of  the  W^=  0  iniensiiy  plot.  Once  the  saturable  • 

absorber  is  bleached,  it  remains  in  that  state  for  values  of  current  into  the  gain  .section  which  arc  less  than 
the  initial  threshold  current.  It  is  this  hump  which  produces  the  upper  hysteresis  loop  in  Figure  7. 
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Figure  8:  The  width  of  the  hysteresis  loop  is  ■  function  of  the  voltage  applied  to  the  saturihic 
absorber  The  effects  of  RC  tune  delays  have  not  been  removed  from  the  data  which  probably 
dominate  the  other  effects  in  determining  the  width  of  the  observed  loops  beyond  about  -O  h  volts 
The  inset  shows  the  experimental  setup  used  to  observe  the  hysteresis  loop 


Figures  7  and  8,  shows  that  an  increase  of  the  reverse  bias  voltage  causes  the  irradiance,  the  width 
and  height  of  the  loop  to  decrease  The  loops  can  not  be  attributed  to  heating  effects  as  the  system 
would  transverse  the  loop  in  a  clockwise  direction  rather  than  the  counter  clockwise  direction  observed 
for  these  loops.  In  Figure  8.  no  attempt  was  made  to  correct  for  RC  effects,  which  probably  dominate 
beyond  about  -0.6  volts.  In  the  optimum  saturable  absorber  biasing  region,  between  zero  and  -0.6  volts. 
RC  effects  arc  not  dominant. 

It  was  observed  that  the  position  of  the  single  mode  fiber  strongly  influenced  the  shape  of  the 
observed  L-I  curves.  We  attnbuted  this  behavior  to  muluple  spatial  modes  in  the  laser  displaying 
diffenng  degrees  of  bistability 

Hysteresis  in  the  optimized  gam-absorber  pairs  can  be  attnbuted  to  optical  saturation  within  the 
saturable  absorber.  The  component  of  the  round  Inp  kiss  due  to  the  saturable  absorber  decrea.ses  with 
increasing  photon  density.  The  photon  density  becomes  orders  of  magnitudes  larger  when  a  la.scr's  round 
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trip  gain  begins  lo  exceed  its  round  trip  loss.  This,  in  tum.  reduces  the  round  trip  loss  by  saturating  the 
absorber.  Thus  the  laser  will  require  a  high  photon  density  (large  current)  to  turn  on,  yet  will  remain  on 
if  the  photon  density  (pump  current)  is  reduced  below  the  initial  value  required.  When  the  photon 
density  decreases  to  the  point  that  the  saturable  absorber  is  no  longer  saturated,  the  device  will  turn  off. 
The  voltage  dependence  of  the  loop  width  can  be  attributed  to  the  quantum  confined  stark  effect.  The 
fact  that  the  hysteresis  was  not  observed  for  saturable  absorbers  with  ridge  waveguiding  is  most  likely 
due  to  the  guided  spontaneous  emission  from  the  gain  section  saturating  the  absorber  before  the  lasers 
reached  threshold  conditions.  In  this  case  loss  due  to  the  saturable  absorber  would  be  constant  and  no 
bistability  would  be  observed.  The  gam  guided  structure  greatly  decreases  the  spontaneous  emission 
entering  the  absorber  section,  and  thus  is  less  likely  to  saturate  prematurely.  Another  possibility 
contnbuung  factor  could  be  intensity  dependent  self  focusing  of  the  light  in  a  unguided  saturable 
absorber  due  to  spatial  hole  burning.*^ 

Combining  the  results  of  Figure  7  with  that  of  Figure  4  shows  the  feasibility  of  the  use  of  saturable 
absorption  and  gain  quenching  to  facilitate  RS  flip  flop  operation. 

IV.  BROAD  AREA  ORTHOGONAL  MODE  .SWITCHING  LASER 

TTie  third  device,  a  Broad  Area  Orthogonal  Mode  Switching  Laser  (BAOMSL),  shown  in  Figure  9, 
consists  of  a  new  single  clement,  broad  area,  semiconductor  laser  with  differential  voltage  conu-ol.®'*® 
With  mirrors  on  all  four  sides,  this  laser  can  operate  in  orthogonal  directions,  each  competing  for  the 
same  gain.**  Each  of  the  two  orthogonal  cavities  contains  a  saturable  absorber  which  controls  each 
cavities'  round  trip  loss.  Both  cavities  compete  for  the  same  gain;  the  cavity  with  the  lowest  internal  loss 
will  lase.  A  patterned  Si02  layer  under  the  gain  section  metallization  delineates  two  orthogonally 
intersecting  gain  guided  arrays  (GCA),  eliminating  the  possibility  of  circular  modes.  The  gain  section 
was  200  pm  by  200  pm  while  each  absorber  section  was  3  pm  by  200  pm.  The  arrays  consisted  of  two 
orthogonal  sets  of  seven  15  pm  wide  guides  on  25  pm  centers.  Shallow  etches  of  3  pm  wide  and  1.75 
pm  deep  through  the  cap  and  cladding  layers  into  the  GaAs  provided  electrical  isolation  between  the 
modulators  and  the  laser,*^  The  four  mirrors  were  formed  by  deep  etches  of  4.5  pm. *2'*^ 
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Figure  9  A  bro»d  are*  orthogonal  mixle  switching  laser  incorporating  a  gain  guided  arra)  capable  of 
lasing  in  either  of  two  orthogonal  directions  The  saturahle  ahsorhers  control  stimulated  emission  in 
the  two  directions  The  four  mirrors  are  formed  by  deep  eahes  ihnrugh  the  active  region  by 
rhcmically  Assisieil  Ion  Beam  F.tching  Shallow  etches  inui  the  top  cladding  layer  provide  electrical 
isolation  between  the  saturable  absorbers  and  the  gain  sectum  A  patterned  Sif)2  layer  under  the 
metalli/ation  allows  for  gain  guiding  The  gam  section  is  2(10  pm  by  200  pm 


The  BAOMSt.  were  tested  for  power  output  vs.  pump  current  (L-I).  the  emission  spectra,  the 
intensity  profile,  the  divergence  angle,  and  the  affect  of  absorber  bias  on  the  lasing  state  and  the 
spectrum  L-I  curves  were  obtained  by  cleaving  one  of  the  hclcrostruc turns  through  the  deep  etch, 
thereby  exposing  one  of  the  facets  A  fast,  large  area  pholo-deicclor  was  moved  to  within  0.5  cm  of  the 
laser  facet.  A  senes  of  low  duly  cycle  tnangular  current  pulses  was  applied  to  the  lasers  The  data  was 
displayed  as  photo  detecuir  current  vs  pump  current  on  a  digital  oscilloscope  Opucal  emission  spectra 
were  obtained  by  angling  an  opucal  fiber  with  a  60  pm  core  just  above  the  deep  etch  and  within  10  to  20 
pm  of  the  laser  facet.  The  dnve  current  consisted  of  rectangular  current  pulses  with  the  same  temporal 


profile  as  those  for  the  L-I  curves.  The  spectrum  of  the  light  from  the  fiber  was  measured  using  an 
Anntsu  optical  spectrum  analyzer  set  m  an  averaging  mode.  O)  The  divergence  angle  was  obtained  by 
placing  a  CCD  camera  next  to  the  laser  with  the  cleave  through  the  deep  elch.  After  photographing  the 
transverse  mtxlc  pattern,  the  camera  was  displaced  away  from  the  laser  by  an  additional  5  mm  and  the 
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pauem  was  again  photographed.  The  separation  of  two  lateral  lobes  was  then  compared  between  the  two 
photographs  to  determine  the  divergence  angle.  The  effect  of  absorber  bias  on  the  lasing  state  and 
spectra  was  obtained  in  a  manner  similar  to  that  of  the  L-I  curves. 


Figure  9:  Emitted  optical  power  versus  drive  current  for  the  BAOMSL.  The  tangent  line  yields  the 
extrapolated  threshold  current  of  100  mA  The  m.set  plots  show  the  spectra  at  currents  of  100,  150  and 
200  mA 

Figure  9  shows  the  L-I  curve  for  the  GGA  BAOMSL  laser  with  both  modulators  grounded.  The 
straight  line  portion  of  the  graph  yields  a  differential  efficiency  of  0.02  W/A  and  an  extrapolated 
threshold  current  of  100  mA.  The  straighi-line  construction  for  extrapolating  the  threshold  current  is 
also  shown  in  the  figure.  The  inset  graphs  show  the  emission  spectra  for  100,  150  and  200  mA.  The 
emission  is  entirely  spontaneous  at  100  mA.  For  150  and  200  mA.  the  dominant  lasing  mode  occurs 
near  865  nm.  The  far  field  pattern  showed  a  transverse  mode  pattern  consisting  of  many  closely  spaced 
nodal  points  diverging  at  an  angle  of  30  degrees. 
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Figure  10:  LEFT:  Speciri  for  GGA  luer  emission  through  the  ((nirable  absorber  with  variable 
voltage  Vf;  the  other  saturable  absorber  is  grounded.  Reverse  biasing  Vj  cuu  off  laser  oscillauon. 
RIGHT:  Spectra  for  GGA  laser  emission  through  the  grounded  saturable  absorber;  the  voltage  on  the 
other  saturable  absorber  vanes.  Reverse  biasing  Vj^  causes  blue  shifts  in  the  spectrum  and  an 
increase  in  the  peak  intensity 


Figure  10  shows  the  emission  spectra  for  the  GGA  BAOMSL  with  drive  currents  of  150  mA  for 


vanous  modulator  biases  voltages  Note  that  increasing  the  reverse  bias  voluge  of  either  absorber 


section  will  make  it  harder  for  the  device  to  lasc  in  the  direction  transverse  to  the  absorber  and  easier  for 


the  device  to  lasc  parallel  to  the  absorber.  Since  both  laser  caviocs  are  competing  for  the  same  gain,  the 
cavity  with  the  lower  reverse  bias  transversing  it  will  lasc,  while  the  cavity  with  the  higher  reverse  bias 
will  turn  off.  Thus  this  device  acts  as  a  differential  voltage  comparator  with  corollary  output  If  the 
absorbers  could  be  made  to  saturate,  as  described  in  section  III.  this  device  could  also  be  used  as  a 


memory  element. 

In  order  to  show  the  importance  of  the  gain  guided  array  to  the  funcuon  of  this  device  similar 
measuremenLs  were  taken  on  a  BAOMSL  with  the  gam  area  uniformly  pumped  (UP)  The  resulLs  arc 
shown  on  Figure  11.  In  contrast  to  the  GGA  laser,  reverse  bias  applied  to  either  modulator  of  the  UP 
laser  exunguishes  all  laser  oscillation.  This  suggests  that  the  two  orthogonal  caviues  in  the  UP  laser  are 
strongly  coupled  and  thus  act  as  only  one  cavity. 
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Hgure  11:  LEFT:  Specin  for  UP  liMr  eniistion  ihnM(h  the  MturaUe  absorber  with  variable 
voluge  Vf.  (he  ocher  taflirable  aburber  is  grounded.  RIGHT:  ^wccra  for  UP  lasec  emission 
through  the  grounded  saturable  absorber;  the  voltage  on  tlm  other  saturable  absorber  varies.  The 
dominant  mode  for  the  UP  laser  is  near  860  nm.  oompated  to  86S  mn  for  a  GGA  laser  of  similsr 
dimeiuians. 


V.  DISCUSSION 

These  results  show  that  optical  switching  based  on  controlling  the  net  round  trip  gain/loss  of  a 
semiconductor  laser  is  feasible  for  a  wide  array  of  applications.  The  practicality  of  integrating  such 
switches  into  systems  greatly  depends  on  improving  the  quality  of  the  devices.  The  measured 
performance  of  the  individual  devices  reported  on  represents  an  ongoing  effort  in  device  optimization. 
Still,  the  operating  currents  presented  may  be  impractical  for  large  scale  integration;  electrical  isolation 
still  needs  to  be  improved;  and  device  yield  and  life  lime  need  to  be  addressed.  These  issues  have  driven 
an  effort  to  improve  basic  device  performance  levels  by  means  of  improved  device  processing 
techniques.  It  is  highly  likely  that  these  device  parameters  can  be  improved  to  acceptable  limits,  and 
therefore  should  not  detract  from  the  evaluation  of  the  switching  mechanisms  in  general. 

VI.  SUMMARY  AND  CONCLUSIONS 

Three  laser  diode  based  optical  switches  were  designed,  fabricated,  and  tested.  The  first,  a  NOR 
gate,  successfully  demonstrated  that  a  laser  diode  can  be  turned  off  by  high  intensity  coherent  light 
intersecting  it.  For  the  second  device  it  was  shown  that  if  such  a  laser  diode  was  made  bistable,  an 
optical  RS  flip  flop  could  be  fabricated.  The  third  device,  a  broad  area  orthogonal  mode  switching  laser, 
demonstrated  that  gain  quenching  could  be  used  to  fabricate  a  laser  with  two  corollary  outputs.  The 
future  of  such  devices  depends  on  addressing  the  systems  issues  which  hinder  their  ultimate  practicality. 
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ROME  LABORATORY 

Rome  Laboratory  plans  and  executes  an  interdisciplinary 
program  in  research,  development,  test,  and  technology 
transition  in  support  of  Air  Force  Command,  Control, 
Communications  and  Intelligence  (C3I)  activities  for  all 
Air  Force  platforms.  It  also  executes  selected 
acqfuisition  programs  in  several  areas  of  expertise. 
Technical  and  engineering  support  within  areas  of 
competence  is  provided  to  ESC  Program  Offices  (POs)  and 
other  ESC  elements  to  perform  effective  acguisition  of 
C3I  systems.  In  addition,  Rome  Laboratory's  technology 
supports  other  AFMC  Product  Divisions,  the  Air  Force  user 
community,  and  other  DOD  and  non-DOD  agencies.  Rome 
Laboratory  maintains  technical  competence  and  research 
programs  in  areas  including,  but  not  limited  to, 
communications,  command  and  control,  battle  management, 
intelligence  information  processing,  computational 
sciences  and  software  producibility,  wide  area 
surveillance/sensors,  signal  processing,  solid  state 
sciences,  photonics,  electromagnetic  technology, 
superconductivity,  and  electronic 
reliability/maintainability  and  testability. 
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